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Vladimir Litvinenko
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More than fifty ring-based fully or partly dedicated light sources are in
operation around the globe at present time and large number is in the construction
or development phase. These rings operate at energies from few hundreds MeV to
14 GeV covering photons spectra from IR to soft y-rays.

This talk will be focused on three topics relevant to storage ring-based
light sources. We will start from brief overview of existing ring-based sources and
drawing a generic picture of “typical” second and third generation storage ring-
based light sources to establish the base line. The table with range of established
machine and light source parameters will be presented. It will be followed by
discussion of new trends in the development of ring-based light sources which push
the envelope of presently established parameters by reduction of e-beam emittances,
increase of beam currents, shortening pulses, increasing coherence, etc. Third part
of talk will be dedicated to evaluation of future capabilities and limitations of ring-
. based light sources. Few examples of new capabilities will be presented, -
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Content:

» Brief overview of existing ring-based sources
e Portrait of 2" generation light source

* VUV

* X-Ray
 Portrait of 3" generation light source

* YUV

» X-Ray
» New(?) trends in the development of light sources
e future capabilities
« and limitations of ring-based light sources



Table 1. Main parameters of existing and proposed SR facilities. Type: P(artially) Ded(icated), Par(asitic); Status:
Op(erational), Comm(issioning), Constr(uction), Prop(osed); C = circumference; Einj’ Eop = injection, operational
energy (most typical energy underlined); I, = actual/nominal max. beam current (mA), €y, &y = horiz., vert. emittances
(nm rad) (at typical energy); Op.h. = total no. hours scheduled operation in '98; User% = percentage of Op.h. for SR
users in '98; Eff. = op. efficiency (%) for users in '97; ID/NID = no. installed/total no. ID straights. (7 FY97)

Facility Type Status | C (m)| Ein; Ean I €y, Ey Op.h. | User% | Eff. | ID/NID
Brazil i ’
IémUVX Ded. Op. 97193 0.12 1.37 100 | 100, 0.4 3625 | 63 96 | 0/4
(é}%S Ded. Prop. 147 2.9 2.9 500 |16.3, - - - - -/10
ina
BEPC PDed. Op. 91| 240 1.3 2.2 70 |76, 0.76 600 88 - 2/-
HNSRL Ded. Op. 91] 66 0.2 0.8 150 | 150, 13 4600 |50 89 12/3
SSRF Ded. Prop. | 345 2.2 2.2 400 3.8, - - - - -/16
Denmark
ASTRID PDed. Op. '94 | 40 0.1 0.58 175 | 140, 14 6800 |47 95 | 171
ASTRIDII | Ded. Prop. |76 0.5 0.6-1.4 1200 |10,1 - - - -/5
England
DIAMOND | Ded. Prop. |]346 3.0 3.0 300 [14,0.14 |- - - -/16
%RS Ded. Op. 8196 0.6 2.0 250 1150,5 6440 |88 90 13/5
rance
DCI Ded. Op. 75195 1.85 1.85 325 11600, 190 } 3823 |98 90 |12
ESRF Ded. Op."921844 |6 6 200 3.8, 0.03 }6800 |83 96 |27/28
SOLEIL Ded. Prop. |337 2.5 2.5 500 }3.1, 003 |- - - -/14
SuperACO | Ded. Op. 85} 72 0.8 0.8 420 |20, 20 3440 {91 89 |[6/6
Germany
ANKA Ded. Constr.| 110 | 0.5 2.5 400 |76, 1.5 - - - 0/5
BESSY I Ded. Op. '81] 62 0.8 0.3-0.8 }|750 150,25 2000 | 90 3/3
BESSY II Ded. Comm. | 240 1.9 17(1.9 1100 }6,<0.02 |- - - 1/14
DELTA PDed. Comm.| 115 1.5 04-1.5 1200 15,006 }[2700 |- - 1/4
DORIS II1 Ded. Op. 73289 }4.5 4.5 120 | 400, 12 6384 |84 91 | 10/11
ELSA PDed. Op. 88| 164 1.6 1.6,2.3 80 | 400, 8 4000 | 38 - 0/1
;}%TRA PDed.+Par.| Op. 2304 | 7 12 40 | 25, 0.75 4400 | 23 - 11
ndia
INDUS I Ded. Comm.| 19 0.45 0.45 100 |73, 0.73 - - - 0/1
}NIZDUS I Ded. Constr. | 172 0.7 2.0-2.5 {300 |37, 3.7 - - - 0/5
taly ,
IJELETTRA Ded. Op. 94| 259 1.0 2.0 300 |7, 0.1 6528 | 81 93 | 6/11
HiSOR Ded. Op. 97|22 0.15 0.7 - 400, - - - - 212
New Subaru | Ded. Constr. | 119 1.0 0.5-1.5 100 |67, 6.7 i - - - 0/4
PF Ded. Op. ‘821 187 2.5 2.5,3.0 1400 {37,037 4250 |80 94 | 6/7
PF-AR Ded. Prop. | 377 2.5 6 100 }163, 1.63 |- - - -/8
SPRING-8 | Ded. Op. 9711436 |8 8 100 |7, 0.07 4000 | 75 97 |8/38
TERAS Ded. Op. ‘811 31 0.31 0.75 250 | 1700, 1700] 2000 | 80 100 { 272
Tohuku U. | Ded. Prop. 194 1.2 1.5-1.8 300 |7.4, - - - - -/12
UVSOR Ded. Op. '83} 53 0.6 0.7 240 | 120, 3 3000 | 80 99 13/3
VSX Ded. Prop. 200 ]0.3 1.0 200 |1, - - - - -2
Korea
IP;LS Ded. Op. '95{ 281 2.0 2.0 200 |12, 0.08 5000 | 80 91 1/10
ussia
KSRS SIB.1| Ded. Op. 83| 8.7 0.075 1045 230 | 800, - - - - 0/0
KSRS SIB.2] Ded. Op. 96| 124 |045 2.5 72 1100, 1 2500 | - - 0/9
VEPP-2M PDed. Op. 72118 0.6 0.7 300 |460,4.6 |- - - 2/3
VEPP-3 Par. Op. 73174 0.35 2.0 250 | 270, 2.7 - - - 172
XEPP-4M Par. Op. 981 366 1.8 6.0 100 {400, 120 |- - - 2/4
ain
L%B Ded. Prop. }252 2.5 2.5 250 8.5, 0.1 - - - -/10
Sweden
MAX1 PDed. Op. 86} 32 0.1 0.55 250 |80, 8 6000 | 58 95 |12
MAX 1T Ded. Op. 95|90 0.5 1.5 250 19,09 5000 } 90 80 | 5/8
Switzerland
SLS Ded. Constr. | 288 2.4 2.4 400 | 4.8, 0.05 |- - - 0/9
Taiwan
'{/Lg Ded. Op. 93} 120 1.3 1.5 200 127,0.66 }5500 |76 90 |3/4
.S.A.
ALADDIN | Ded. Op. 851 88 0.108 {0.8-1.0 {240 {110, 3.7 5200 185 95 |4/4
ALS Ded. Op. '931 197 1.5 1.5, 1.9 1400 |6, 0.03 6520 |85 96 |6/10
APS Ded. Op. 97| 1104 |7 7 100 |8, 0.08 5900 } 78 - 18/35
CAMD Ded. Op. 92155 0.18 1.3-1.5 }200 |235,2.35 }3000 |83 - 0/2
CHESS Par. Op. 801 795 5.3 5.3 190 | 200,20 {5333 _}75, - 122
NSLS VUV | Ded. Op. '83] 51 0.75 0.8 } 850 | 160, 3 685311751 961 1 577
NSLS X-ray | Ded. Op. 821170 }0.75 2.58,2.81350 |90, 0.1 701471 817 987 | 2/2
SPEAR 1I Ded. Op.'731234 225 3.0 100 | 160, 1.6 6900 | 77 96 | 6/10
SURF II Ded. Op. '7415.3 0.01 0.3 200 - - 0/0

- EP&C'Qe_ . Wal bor
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Storage Ring Ligth Sources in the World
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Duke FEL Lab

e-Beam energy, GeV

Circumference, m 60 =15

Emittances, nm.rad £,=140£50; ¢, =6£5

Photons energies 0.01 eV -1 KeV

# beamlines 5-30

e-beam current, mA 150 -950

Lifetime, h 5-10

Brightness: BM 108 (<1KeV)
ID 1016 (<200 eV)
ID 104 (<1 KeV)

Reliability 98+(?) %
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~_ Portrait of 2nd Gener

4 of rings
e-Beam energy, GeV
Circumference, m
Emittances, nm.rad

Photons energies

# beamlines

e-beam current, mA
Lifetime, h
Brightness:

Reliability

6-9, 1999

ation X-ray source

5 exist, 1 in construction
2604

150 = 80

£,=100+40; ¢, =0.8+0.6
-> f ;—40 (PF, SPEARIII.JN)S&S...)
up 1o 22 KeV

50+

150 -300 < Hoo

10 - 20

1014 (~5KeV)

107  (~1KkeV)

101>  (~5KeV)

98+(?) %
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Trends with 2" Generation sources

.~ High average current and high flux

Lower emittances and higher brightness

< * Longitudinal and Transverse MB feed-backs
In-vacuum undulators

IR ports

* Super-conducting wigglers

o - 1% with varieble (:o\c.a VY LT
] VoV - boug bouches (howw. RF) 4o
begrove Lo bime  T,/T 200

)(-tcua - lower ex & LA,LU beighdnagy

V. Litvinenko
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GDuke FEL Lab 2

1L M.

Portrait of 3" Generation VUV source
# of rings 7 exist; 4 proposed
3 under constructions

= e-Beam energy, GeV 1.5-3
Circumference, m 90 - 346
Emittances, nm.rad £,=3-19; ¢, =0.02-0.9
Photons energies up to 15 KeV
# beamlines ~ 50

e-beam current, mA 100 -500
Lifetime, h up to 15
Brightness: BM 1016 (~2KeV)
U 5101 (~1 keV)
Reliability high and improving
3rd Generation SR LS are the SUCCESS!




=" # of rings

™ e-Beam energy, GeV

Circumference, m

Emittances, nm.rad

Photons energies

# beamlines

e-beam current, mA

Lifetime, h

Brightness: BM
U

Reliability

844 1436

£,.=3-8; £, =0.03-0.08
up to 100 KeV

100 +

100 -200

up to 70

106 (~10 KeV)
6.102°  (~10 keV)
high and improving

3rd Generation SR LS are the SUCCESS!




More average and peak current

Use of undulators with elliptical polarization
Increase of energy to and above 2 GeV
Energy ramping and plans for full energy inj.
Compromise between brightness & lifetime
(large coupling, limited LMBI, flat RF to

elongate bunches->~50 h It)

Longitudinal and Transverse MB feed-backs
In-vacuum undulators ¢ swalleyr Y ( 3 ]
Super-bends © AR ~oooleod vac . olconbors
Longer straight sections + Top-up Vs lewer £,-4
XUY Free Electron Lasers . Loveac AU“““"‘““‘" C aper
IR ports

Tests of top-up injection
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Wi /rends W1th 3rd Generation hard-X-Ray source

More average and peak current

Use of undulators with elliptical polarization
Higher brightness . R .thhe bYeom - (,g.xéam shaki ; L.j
Lower coupling ¢ Hoeizowhel "l:"““i“' ostug beouy
Smaller horizontal emittance w*&\ oL ¥ O
Longitudinal and Transverse MB feed-backs
In-vacuum undulators . Swoll q,‘n-r-\we.-’a

Better beam stability

Intense short bunches with 200-300 A peak

current

Probing issues for 4-th GLS Wi.ﬂa‘m ,{; THV |5
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| o Duke/OK-4 FEL with twa bunches
R e e L e

Compton y-ray Production in the
OK-4 FEL/Duke Storage Ring

[pholonnfoac]

A AR L ....|_m?~..l._...._:

Number of inverce Complon Pholone

————— Mgisecy 10mA}
—— MNglsec(100ma)

1 UT P ST IR B PP,
T ——— T —— 5 Q0 100 150 200 250
Emax, MsV

Eleetron beam lor FEL

Optical Klystron
Collimator

'BEIBIHEHEMIEIH

Electron beam for J ﬂﬁlﬁlugnmﬂ. \ Optical beam reflected from

Compton seattering downstream cavity mirror

Duke Storage Ring Group §

T T P Ty T o T T e A




‘m March, 1999

xperimental Results
Et:iactmn [MEV} 250-750
I [mA] per bunch 1-10
SR/FEL Parameters P, (W] 1-25
ApgL [nm] 230-730
' TR
N photon [SEC_l] 10
Min Max
E, max [MeV] _!_2 _".1'_2_
' 3x10° | 5x 107
y-ray-beam Parameters Nyromt |gec] A X
- 3 5
NT,E mm collimator [sec’l] ~ 10 ~ 10
FWHM, % 0.5 1
.. g
Polarization 100%
(linear)

Duke Storage Ring Group
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Duke FEL Lab

OK-4 UV FEL Performance

Projected Best demonstrated
by March, 1999

Tuning range, [nm] fundamental: 56 - 800 217 - 730
Photon energies [eV] 1.5-25 1.7 - 5.7
Average laser power [W] 2-44 @ 100 mA 0.15 @ 16 mA *
Tuning range, [nm] harmonics: 4-160
Giant Pulse rep-rate [Hz] 1-160 40
Power in Giant Pulse mode [MW)] 100 0.1-0.3
Duration of macropulse [psec] 30-160 100-26¢0
Peak power in Giant Pulse [MW] 3-10¢ 6.1-0.3
Peak power intracavity [GW] 1-10 0.1
Linewidth, [6A/A] natural (1-3) 104 10

with linewidth narrowing {5-30) 167 3 10-% ( Novosibirsk)
Micropulse ot [psec] natural 3-30 2560
Micropulse separation [nsec) 358.45- 5.60 358.45,5.60
Spatial distribution TEMoo TEMoo
Spectral Brightness [ph/sec/mm?mrad® 10°BW]
Average 5104 (1 ppm BW) (2-4) 102
Peak (CW mode) ~10%7 410
Peak (giant pulse mode) ~10% 310%

*outcoupled, outcoupling efficiency (transparency/losses)<l0%

Duke Storage Ring Group
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~ Fourier Limited FEL pulses -Super Modes

Predicted: G.Darttoli and A Renteri. Nuovo Cimento B39 {19805 1

Vertical scale: 74 I_"J:‘E:

OE-4/DSE FEL: MNatural Luasing Line ut 218,65 nm
BEMS linewidth: (.0137 nm {including resolution of 00128 wm)

LN L L R L L B B B NI N A B BB B
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latezsary. nermadveed

80

. o 100 s
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Wavelength, nm
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The OK-4/Duke SR FEL
Loss ¢urve, Lasing lines
and Tunability around 225 nm
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Gth, %
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OK-4/Duke SR FEL
Lasing around 245 nm
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Mirror reflectivity

Cavity Mirrors Do Not Exist For
Convential VUV or Soft X-Ray Free
Electron Lasers:

Wavelength
1,000 A 100 A 10 A 14
1.0 | I | 1
Optical
coatings
Projected Natural
MgF,/Al multilayers crystals
D|ﬂ|cult
0.5 — W% void
! h
= Muihlayers
Au
| | 1 |
10 eV 100 eV 1 keV 10 keV

Photon energy

XBL 845-1715A

Ay,
100

EP 0 Q/!. ;

T [
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v
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Polarization: Circular & Elipctical (L/R), Linear(X,Y)

The OK-5 FEL Tuning Cur

Total length fm]

Yis

TR

Wigglers

Period (m|

Length [m]

Magnetic field [kGs]

Kw

Tuning range  [A /A
Bunchers

] 50 Lon 1s0 Xou o X500 30
WanvelLength, mm

The OK-5/DSR XUV FEL gain: The OK-5/DSR XUV FEL gains
800 MeV'; 20 mA/bonch; 800 MeV; 10 bunches: 20 mA/bunch;
Lin=1.25 Ohm; new RF: 1 MY, 474 MhZ vev; * !

k K AL

New REF: 1 MY, 474 MhZ
: T

== 7/

Galn per pasn, T

i
i
dverage leidng pawer, W
= = [N
2] el

5 i1 Woreereemnm b st s, ol o —
H
i & i E
i 130 An 5 Tk *
Liih Lk 2 o ] a9 154 L0 121 Adri
Woveienyet, km
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January 27, 1999 San Jose. CA
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ESRF @ 6 GeV, ¢ =3 nm.rad,

I=10mA/bunch; Ut=3ﬂpsec
e 1

oGeV 3 H
S rad s | ilifiLE2, £

Jifitime, h

0.0001 0.001 U.P‘l .1 1

ESRF *#*== @ 1(e¥, 1.5% cnergy accepiance;
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Lifetime would not be a problem
for low energy machine with sub-A
emittances. It is the big question
how to get there and how to preserve
this emittance?
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Review on Laser Cooling in the Storage Ring

Presented at FEL’98, Y. Wu and V. Litvinenko, Williamsburg, VA

Regular SR + one laser cooling section
1+f£):Q;L- (CT_F)‘)' _ (G'E)gl—l—fﬁl’@ﬁ‘

€r = €, ,
TR 4y Ey Eolog 1+f
where,
F gl E; 44873 p 9673 p B
= 1 Qop = - Cx = — : ==
ZR)\L"}“QE{} Q1 275 '}’D/\L e 275 "‘;‘f}/—\LH

Reference: Laser cooling in SR, Zhirong Huang, Ronald D. Ruth, PRL,
v.80, n.5. 1998;

Advantages for using FEL as an instrument for laser cooling:
¢ hich intracavity power, natural alignment and synchronization;

o flexibility in laser wavelength selection;

Example: e-beam cooling using mm-wave FEL
e v = 1000, p =1 m:
e )\, =0.1mm, By =1000 kG (K; = 1), Zg = 0.2 mm;
® PruraCavity = 12 GW, /270y = 300 ps, £y = 3.6 .J;
The beam sizes:

EJ.;/E:I_«U = 0.018, JE/UED = 9.5,

€;; 2nm — 0.04 nm, op: 2 x 107 = 2 x 10732,
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Figure 1: Universal undulator radiation diagram. The wavelength ranges of undulator radiation attainable at the European
synchroom radiation sources (including the luture projects). Radiation wavelength is plotied against the electron energy
on a log log scale. The lwo dotted parallel lines represent the range accessible at a given cnergy. As a fower limit, an
undulator with effective period of 2 mm is chosen {e.g. period of 18 mm, ninth harmonic and K = 1.4). The upper limit
iz represented by an effective period of 2000 mm {¢.g. period of 200 mm, first karmonic and K = 6). Diifraction limits
for the linacs (nermalised emittance of 10/ mrrad) and for storage rings (0.1 nm-rad @ 1 GeV) are indicated in the plot.
The K-absorptien edges of somie ¢lements are shown as weil,
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Compton Back-Scattering /_[ﬁ <\ ” /}\k

o ) | 29heo| - fBeosd)
= L | — _4 — _H_I_ JI[“:] -4 .'l.'} + _|.. - E.g “---_:F ! where v = }‘{”r |: _'Ir::l_q_ )
¥ 1 roxTy 2

X 2“ + 1.] me’

=]

Before After

i’ = o e

_ if?fﬂx ~
I-ficosB, +( /e )(I cos, )

Scattered Photon Energy

8 =cos (f k) 8, =cos™(p-k’) 0, =cos”(k-k')=6-0,

Duke Storage ng Group
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Advantages of TEM waves-undulators

« Hard X-rays can be generated at low e-beam energies <1GeV

e Sub-nm emittances at low energies ﬁeduce lifetime

e Use if intra-cavity power to enhance the flux
» Tunability of wavelength gives tunability of X-ray energy

o K~1 at wavelength of 0.1 mm and tunable polarization
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Strong Longitudinal Focusing

Presented at PAC’'97, Y. Wu and V. Litvinenko

Condition for strong longitudinal focusing:

s Ver
U‘ﬁ:‘u—ml, (_)R‘ |E RP1

2 E{]
The effective way to increase the longitudinal focusing is by

krrCac~0.1—=1

o decrease App: very promising with mm-wave {e.g. IFEL)

Two types of cavities:
e Active primary cavities to compensate energy loss (Agp ~ 1 m)

o Reactive strong focusing cavities to provide beam focusing {Agp ~
1 mm)

Inverse FEL as Strong Focusing RF
Example: at Ey = 1 GeV, 0.1 mm FEL generated by a 4 period
helical wiggler with A = 40 cm and By = 11 kG.

To generate Vpp = 10 MV, it requires
e a peak FEL power: 1 GW;

e an average FEL power: 1 kW (for a cavity with ¢ ~ 1000, duty
factor 1000).
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